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ABSTRACT: Crosslinked, monodisperse PNIPAM par-
ticles were synthesized by precipitation polymerization.
The particle size was measured by dynamic light scatter-
ing (DLS), capillary hydrodynamic fractionation (CHDE),
and transmission electron microscopy (TEM). Two differ-
ent polymerization methods were used to prepare PNI-
PAM/PS core/shell particles, both above and below the
volume phase transition temperature (VPPT) using either
a semibatch or seeded semibatch polymerization process.

In both processes, uniform “raspberry” structures were
obtained in which polystyrene formed small domains on
the surface of the PNIPAM particles. The resulting core
and shell structure was confirmed by temperature-depend-
ent particle size and density gradient experiments. © 2010
Wiley Periodicals, Inc. ] Appl Polym Sci 118: 2502-2511, 2010
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INTRODUCTION

In recent years, a great deal of interest has been
focused on thermosensitive polymers which exhibit
a fast reversible change from a hydrophilic to a
hydrophobic structure. This change occurs at a tem-
perature, termed the lower critical solution tempera-
ture (LCST), below which all compositions are misci-
ble and above which phase separation occurs. This
transition temperature is also called the volume
phase transition temperature (VPTT) specifically for
thermosensitive polymer microspheres due to their
large volume change during the transition. Among
all of the thermosensitive polymers, poly(N-isopro-
pylacrylamide) (PNIPAM) is the most well known
and profoundly studied one with a LCST ~ 31-32°C.

Polystyrene-based colloidal polymer particles have
been widely utilized as carriers for bio-diagnostic
applications.! The unique properties of PNIPAM
inspired researchers to combine PNIPAM with poly-
styrene (PS) in areas such as biomedical® and biose-
parations,® drug delivery,* catalysts,” and pollution
control.® However, it is interesting to note that
almost all of the research reported in the literature
focused on synthesizing a PNIPAM shell around a
PS core (or similar other polymeric materials),” "
although there are several studies describing the
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synthesis of a PNIPAM-based core and a PS
shell.'"'? Tt is thermodynamically favorable to form
a hydrophilic shell around a hydrophobic core. The
PNIPAM/PS core and shell structure is not only
thermodynamically challenging to synthesize, but
also represents a unique morphology. The core can
undergo a temperature-dependent phase change,
from a gel to polymer with free water.'>'

Pelton was the first to study the copolymerization
of NIPAM and styrene as well as grafting PNIPAM
on prepared polystyrene and polystyrene-butadiene
latex surfaces by emulsifier-free and crosslinker-free
methods.'® The obtained particles exhibited tempera-
ture-dependent colloidal stability. Subsequently, sev-
eral other researchers reported the preparation of
PNIPAM''® or poly(styrene-N-isopropylacrylamide)
microspheres.'”! Generally, a two-stage procedure
was utilized to prepare this type of particle. First, a
mixture of styrene and NIPAM monomers were
copolymerized by an emulsifier-free batch polymer-
ization method. In a second stage, a PNIPAM shell
layer was then fabricated onto the core seeds pre-
pared in the first stage. In another report, another
research group described the encapsulation of PNI-
PAM with PS to form hollow particles using a two-
stage polymerization process.'” Cationic copolymer
was utilized to form PNIPAM microspheres in the
first stage of this process. Styrene and crosslinker
were added during the shell formation step.

In this research, particles were prepared with PNI-
PAM as a core and PS as a shell. As each PNIPAM
particle can contain as much as ~ 95 wt % water,
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TABLE I

NIPAM Emulsion Polymerization Recipe” Using a Thermal Initiator at 70°C

Ingredient Weight (g) Comment
Monomer N-isopropylacrylamide (NIPAM) 7.0 1.4% solids content
Crosslinker Methylenebis(acrylamide) (MbAA) 0.7 10% based on monomer
Surfactant Sodium Dodecyl Sulfate (SDS) 0.094 0.65 mM based on the aqueous phase
Initiator Potassium Persulfate (KPS) 0.28 2.07 mM based on the aqueous phase
Medium Deionized water (H,O) 500.0 -

these particles essentially act as nanowater reser-
voirs. If these nanowater reservoirs are encapsulated
by another rigid polymer, these core-shell particles
could potentially be useful as microreactors for
water phase reactions, which can be triggered by
temperature, as a thermosensitive drug carrier by
incorporating biocompatible shell polymer, as a
nanosponge to absorb or release moisture to slow
down corrosion in some coatings applications, and
as hollow microspheres by using water as the blow-
ing agent. The synthesis of these particles may open
an interesting novel field of nanowater encapsula-
tion and its applications. For comparison purposes,
the PNIPAM encapsulation was carried out both
below and above the VPTT via semibatch or seeded
semibatch polymerization processes.

EXPERIMENTAL
Materials

N-isopropylacrylamide (NIPAM; 99%, VWR Interna-
tional, Bridgeport, NJ) was recrystallized from mix-
tures of toluene and hexane (in a volume ratio of 2 :
3). N,N'-methylenebisacrylamide (MbAA; 99%,
Fisher Scientific, Pittsburg, PA), potassium persulfate
(KPS; Fisher Scientific), L-ascorbic Acid (99%, Sigma-
Aldrich, St. Louis, MO), hydrogen peroxide, (HxO;
35%, Sigma-Aldrich), ferrous sulfate (FeSO,7H0O;
Fisher Scientific), and sodium dodecyl sulfate (SDS;
Sigma-Aldrich) were all used as received.

Synthesis of poly(N-isopropylacrylamide) using a
thermal initiator

The preparation of PNIPAM seed particles using a
thermal initiator was carried out according to Pel-
ton’s recipe® shown in Table I. The NIPAM, MbAA,
SDS, and 470 g deionized water were added to a
500-mL three-neck reactor fitted with a reflux con-
denser, a glass stirring rod with a Teflon half-moon
impeller, and a nitrogen bubbling tube. The reactor
was kept immersed in a thermostated water bath
maintained at 70°C. The solution was stirred at 200
rpm for 30 min with nitrogen purging. Potassium
persulfate was dissolved in 30 g of deionized water
and injected into the reactor to initiate the reaction.
Polymerization was carried out at 70°C for 4 h.

Determination of conversion

High-performance liquid chromatography [HPLC;
Supelco (Belefonte, PA), with an LC-CN column and
a UV-Vis detector (Beckman Instruments, Fullerton,
CA)] was used to measure the conversion of NIPAM
monomer because NIPAM is a solid at room temper-
ature (melting point = 65°C) and conventional gravi-
metric analysis cannot be used to evaluate the poly-
merization conversion with a solid monomer.
Deionized (DI) water was used as the mobile phase
with a flow rate of 0.70 mL/min. The samples were
centrifuged for 3 h at 9000 rpm to separate any par-
ticles that could clog the HPLC column before injec-
tion into the HPLC.

Determination of particle size

The particle diameter and size distributions of the
latex particles were measured by dynamic light scat-
tering (Nicomp, Model 370, Santa Barbara, CA) at
25°C and by capillary hydrodynamic fractionation at
35°C (CHDF 1100 and 2000, Matec Applied Sciences,
Northborough, MA). They were also measured (in a
dry state) by transmission electron microscopy
(TEM, Philips 400T, Eindhoven, Netherlands), meas-
uring 600 particles for each sample.

Dynamic light scattering (DLS) analysis as a func-
tion of temperature was also carried out using a
Brookhaven Instruments (Hultsville, NY) commercial
laser light scattering spectrometer. The spectrometer
has two lasers [JDS Uniphase 50 mW diode-pumped
solid-state (DPSS) laser (model pGreen-SLM) operat-
ing at 532 nm (Huntington Valley, PA) and a Melles
Griot 35 mW He-Ne laser (model 05-LHP-928)
(Alburquerque, NM)] operating at 633 nm and a
Brookhaven Instruments (BI 9000AT) correlator. The
measurements were carried out using the JDS laser.
The sample chamber was thermostated during the
measurement. The intensity—intensity time correlation
functions were analyzed by the CONTIN method.

Transmission electron microscopy shadowing
experiments were carried out according to the fol-
lowing procedure. A drop of highly diluted latex
sample was first dried on a TEM grid. This sample
was then coated by gold vapor deposition. By tilting
the gold vapor source to a certain degree to the sam-
ple, a particle “shadow” was created, representing

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE II
Recipe Used for Multistage Polymerization with Styrene as the Second Monomer
at 70°C

Ingredient Weight (g) Comments
Monomer NIPAM 1.4 1.4% solids content
Crosslinker MBMA 0.14 10 wt % based on monomer
Surfactant SDBS 0.0188 0.65 mM
Initiator KPS 0.056 2.07 mM
Medium H,O 100 -
Second Monomer Styrene 6.55 -
Second Surfactant SDBS 0.544 Dissolved in 7.2 g DI water

Feed Rate (uL/min)
Reaction Time (hr)

30 (start feeding at 15 min of reaction)
525h

an area not coated by gold. This tilting angle was
determined by using standard polystyrene particles
as an internal standard.

Determination of linear polymer fraction in
PNIPAM

Ultracentrifugation was used to separate the linear
PNIPAM fraction from the crosslinked PNIPAM
fraction. The samples were ultracentrifuged at 30 K
rpm at 5°C for 2 h. The soluble linear PNIPAM was
present in the top layer of the centrifuge tube,
whereas the crosslinked PNIPAM with a small
amount of water was present at the bottom of the
tube. By drying the samples obtained from the top
layer and the bottom layer of the centrifuge tube,
the solids contents of the two layers could be
obtained through gravimetric analysis. As the origi-
nal PNIPAM latex solids content is known, the lin-
ear fraction of PNIPAM can be calculated.

Sucrose density gradient experiment

To determine the density of the second-stage latex
polymer particles, a sucrose density gradient experi-
ment was carried out. A series of aqueous sucrose
solutions were prepared with different concentra-
tions (3, 10, 17, 24, 34, and 44%) to obtain different
densities (1.01, 1.04, 1.07, 1.10, 1.15, and 1.21 g/cm3).
One milliliter each of the sucrose solutions were
sequentially layered in a test tube in order of
decreasing density. One milliliter of the latex was
then layered on top of the sucrose density gradient
column. The samples were then ultracentrifuged at
30 K rpm at 5°C for 1 h. Depending on the position
of the latex in the tube after centrifugation, the den-
sity of the latex was determined.

Cleaning of latex

The latex was cleaned by a serum replacement pro-
cess.” After diluting the latex to 5% solids content
in water, the latex was charged into a serum replace-
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ment cell, which was fitted with a 200 nm pore size
membrane. The latex was cleaned by passing 30 to
40 residence volumes (400 mL) of DI water through
the latex. The serum replacement process was con-
tinued until the conductivity of serum was close to
that of deionized water (0.35 uQ cm ™).

Shell synthesis by semibatch polymerization
process at 70°C

The method employed to prepare a core-shell struc-
ture was a semibatch process with in situ generation
of the seed latex. The detailed recipe is shown in Ta-
ble II. A 200 mL four-neck flask was fitted with a
reflux condenser, a glass stirring rod with a Teflon
half-moon impeller, and a rubber stopper with two
tubes for feeding St and SDBS aqueous solution and
a nitrogen bubbling tube. After the first stage PNI-
PAM synthesis was carried out for 15 min (the con-
version reached 85%, thus forming an in situ seed),
styrene and SDBS (which was dissolved in 7.2 g
water), were fed into the reactor at a rate of 30 uL/
min (in some cases a feed rate of 15 or 60 pL/min
was used). No further initiator was added. The reac-
tion was carried out at 70°C for 5 h.

Shell synthesis by a seeded semibatch
process at 28°C

The preparation of poly(N-isopropylacrylamide)
seed particles with a compatibilizing polystyrene tie
layer was carried out in the same reactor setup as
described previously for preparing the poly(N-iso-
propylacrylamide) seed particles (at 70°C), and the
recipe used is the same as that shown in Table I. Af-
ter the polymerization was carried out for 15 min
(85-90% conversion), 1 g of styrene was added in
one shot into the reactor. The reaction was carried out
for another 3 h and 45 min to reach full conversion.

A semibatch emulsion polymerization process was
then employed to synthesize a styrene shell layer
around the PNIPAM seed particles (synthesis
described earlier). The recipe used is shown in Table
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TABLE III
Recipe Used for the Second-Stage Seeded Semibatch Emulsion Polymerization of
Styrene Around PNIPAM Seed Latex at 28°C

Ingredient Weight (g) Comment
Seed PNIPAM latex 100 1.5 % solids content
with PS Tie layer
Shell Monomer St 9.1 -
Surfactant SDBS 0.946 Dissolved in 10 g DI water
35% H,0, 0.0657 0.23%, based on monomer
Initiator AA 0.0130 0.13%, based on monomer
FeSO,4-7H,O 0.0014 Fe (II) 37 ppm
Buffer NaHCO; 0.0050
2nd Stage Feed SDBS 30 -
Rate (uL/min) St 30 -

II. The PNIPAM seed latex (that employed the com-
patibilizing styrene tie layer) was charged into the
same 200-mL four-neck reactor setup as used previ-
ously. A redox initiator pair, hydrogen peroxide,
and ascorbic acid with a trace amount of iron were
used for this reaction. All of the hydrogen peroxide
and iron and half of the ascorbic acid were injected
at the beginning of the polymerization. The remain-
ing portion of ascorbic acid was mixed into an aque-
ous surfactant solution and fed into the reactor to
start the polymerization. St and SDBS were fed into
the reactor separately at a rate of 30 pL/min, and
the polymerization was carried out at 28°C for 6 h
(below 34°C, the VPTT of the PNIPAM seed) with
stirring at 200 rpm. After finishing the feed stage,
the reaction was continued for one more hour.

RESULTS AND DISCUSSION
N-isopropylacrylamide polymerization

N-isopropylacrylamide polymerization was based on
the surfactant-free recipe developed by Pelton and
coworkers.?? In this polymerization, the surfactant
concentration was 0.65 mM based on the aqueous
phase, which was much lower than 11.0 mM, its crit-
ical micelle concentration (CMC).?* Therefore, the
particles obtained resulted from heterogeneous
nucleation instead of micellar nucleation.> HPLC
results indicated that the conversion was quite close
to 100% and there was no measurable amount of
monomers that remained.

Because of the large difference in hydrophobicities
between PS and PNIPAM, a monomer addition
strategy was employed. If the second-stage styrene
monomer could polymerize and form a thin layer in
the outer edge of the seed particles, this would
improve the compatibility between the PNIPAM
core and PS shell polymers. For this to occur, the
feeding of the second stage monomer was started
when the monomer conversion of the first stage of
the polymerization reached 85-90%. To determine

when to start feeding of the shell monomer, the
kinetics of PNIPAM polymerization was studied by
using a Mettler RC-1 calorimetric reactor at 70°C.
Analysis of the kinetics showed that the conversion
reached 80-90% during the first 12 to 20 min of the
reaction. The particle size was ~ 290 nm as meas-
ured by DLS after 15 min of reaction. The polymer-
ization rate reached a maximum after 4.5 min of the
reaction. The results agreed with Pelton’s observa-
tion that PNIPAM polymerization was a very fast
reaction.”

By using dynamic light scattering, the particle size
and size distributions of PNIPAM particles were
measured. The PNIPAM particles exhibited narrow
size distributions with particle diameters ~ 300 nm
at room temperature, as shown in Table IV. The
PNIPAM particle diameters measured by dynamic
light scattering (DLS) were quite different from the
sizes measured by CHDF at 35°C due to the temper-
ature difference between the two measurements, the
former being below the VPTT and the latter above
the VPTT. The dry particle size was 128 nm meas-
ured by TEM and is shown in Table IV and Figure 1.
It was reported that PNIPAM particles are oblate-
disk-shape when imaged by SEM?® resulting from
the deformation of PNIPAM during sample prepara-
tion. Therefore, the dry particle size obtained from
TEM might be larger than its true dry particle size.

It was hypothesized that during the seed stage,
there is also linear PNIPAM formed. Ultracentrifuga-
tion was used to separate the linear PNIPAM from
crosslinked PNIPAM particles. Using a typical rec-
ipe, 11% linear PNIPAM polymer was found in the
PNIPAM latex. Pelton and coworkers® showed that

TABLE IV
PNIPAM Seed Particle Size Analysis
Measurement
methods D,, (nm) Dy, (nm) D; (nm) PDI
DLS (RT) 306 - 308.8 1.01
CHDEF (35°C) 149 151 - 1.03
TEM (dry state) 128 136 - 1.06

Journal of Applied Polymer Science DOI 10.1002/app
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(a)

(b)

Figure 1 (Left) TEM micrographs of PNIPAM particles; (Right) synthesized by a semibatch polymerization method;
(Right) SEM micrographs of PNIPAM/PS particles synthesized by a semibatch polymerization method. (a) 15 K, and (b)

sample stage tilted 20°, x 50 K.

the MbAA crosslinker was consumed more quickly
than was the NIPAM. Therefore, it would be reason-
able to expect that there is a MbAA concentration
gradient within the PNIPAM particles, i.e., a high
concentration in the center of the particles and a low
concentration on the particle surface.

Shell formation stage

The semibatch polymerization was a process consist-
ing of the in situ generation of seed latex followed
by styrene monomer feed addition at 15 min into
the polymerization (85 to 90% NIPAM conversion).
The feed consisted of styrene as well as surfactant
(SDBS) and were slowly fed to the reactor. This pro-
cess is designed to synthesize the PNIPAM/PS
core/shell particles at a temperature higher (70°C)

than the LCST. Styrene was added before the
NIPAM polymerization was complete to slowly
change the composition of the polymer layer
between the core and the shell.

The resulting structured particles were character-
ized by DLS, CHDF, and TEM. The results are
shown in Table V. The particle size obtained at the
end of reaction was about 300 nm as measured by
DLS at room temperature. Two populations of par-
ticles appeared in the CHDF analysis, i.e., 40 nm
and 260 nm particles (CHDF measurements were
carried out at 35°C, just above the PNIPAM'’s vol-
ume phase transition temperature (VPTT).).
Although the population of small particles was
91.6% by number, they were only 4.5% by weight.
The particle size measured by TEM was 250 nm by
weight. Only a few small polystyrene particles were

TABLE V
Particle Size Analysis by DLS, CHDF, and TEM for PNIPAM/PS Particles Prepared by Semibatch Polymerization
Diameter DLS CHDF TEM TEM bumps
D, (nm) 293 36 (91.6%) 263 (8.4%) 246 59
D; (nm) 310 - - - -
D,, (nm) - 47 (4.5%) 266 (95.5%) 250 64

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 TEM micrographs of: (a) PNIPAM seed particles
polymerized with a styrene compatibilizing tie layer and
(b) second stage particles prepared by seeded semibatch
polymerization.

observed by TEM. The large particle size measured
by CHDF agrees with the TEM measurement and
also was close to the DLS result. The SEM micro-
graphs given in Figure 1 (right; a, b) showed a uni-
form “raspberry” structure. The size of small
domains was in the range of 50-60 nm, which was
too small to be PNPAM particles. In addition, no
individual PNIPAM particles were observed in the
TEM or SEM. Therefore, it is most likely that these
small domains were PS. It appears that small PS par-
ticles were generated in the aqueous phase first and
then heteroflocculated with the PNIPAM particles.
This correlates with the size of small particles
detected by CHDF particle measurements.

In the seeded semibatch process, a core polymer
was first synthesized by batch polymerization (with
a styrene tie layer incorporated) in a first stage pro-
cess at 70°C. Styrene monomer then was slowly fed
to the latex seed obtained from the first stage of
the polymerization and polymerized by a semibatch
polymerization process. Both the seed particles and
particles obtained by the seeded semibatch reaction
were characterized by dynamic light scattering,
CHDF, and TEM (Fig. 2). The results are shown in
Table VI. The particle size of the PNIPAM seed
particles with a tie layer present, measured by
dynamic light scattering, was ~ 300 nm at room
temperature, which is close to the normal PNIPM
particle size. The particle size of the PNIPAM with
a tie layer, measured by CHDF, was 160 nm

2507

(weight-average diameter, D,), which was 10 nm
larger than the PNIPAM particle size measured by
CHDF at 35°C. One possible explanation for this
difference is that in the presence of the tie layer,
the PNIPAM particles are a bit more rigid, and hence,
release less water than the normal PNIPAM particles
at a higher temperature than the VPST of PNIPAM.

The diameter of the PNIPAM particles with a tie
layer present was measured by TEM to be ~ 148
nm (D,), which again is close to the normal PNI-
PAM particles without a tie layer present. For the
final latex particles obtained from the seeded semi-
batch reaction, the particle diameter obtained by
dynamic light scattering was ~ 300 nm (intensity-
average diameter; D;), CHDF measurements
showed that there were two crops of particles, 50
nm small polystyrene particles and 290 nm large
particles (D). As was shown in the semibatch pro-
cess, small polystyrene particles existed, but they
were only present at a concentration of 6.3% by
weight. From TEM analysis, the particle size of the
final latex was ~ 260 nm (D,). When comparing
the CHDF results with TEM results, there is good
agreement. It is the first time that the large particle
size observed in the CHDF was nearly equal to the
large particle size measured by TEM which may
imply that there may be a PS layer around PNI-
PAM seed particle to prevent the particles from
further shrinkage during the drying process. The
small particles observed in the CHDF measure-
ments could be small polystyrene particles gener-
ated in the second stage.

Figure 2 shows the morphology of the PNIPAM
particles with a tie layer present and the resulting
final particles obtained from the seeded semibatch
process. It can be clearly seen that the seed particles
increased in size from 150 to 260 nm (D,,) as meas-
ured by TEM. In addition, the same uniform “rasp-
berry” structure was observed. There were not many
individual PNIPAM particles observed by TEM. This
may indicate that although these two reactions were
carried out at different conditions, the “raspberry”
structure may be a result of the same mechanism.

In both cases, the domains observed on the final
particles were smooth hemispheres (~ 50-60 nm),

TABLE VI
Particle Size Analysis by DLS, CHDF, and TEM for PNIPAM Particles Prepared with
a Tie Layer Present and the Particles Obtained from a Seeded Semibatch Reaction

Diameter DLS CHDF TEM

PNIPAM seed particles D,, (nm) 297 157 144
with tie layer Dy (nm) 310 - -

D,, (nm) - 160 148

PDI 1.05 1.02 1.04

Particles from D,, (nm) 292 44 (94.8%) 301 (5.0%) 256
seeded-semibatch D; (nm) 301 - - -

polymerization D, (nm) - 55 (6.3%) 305 (91.7%) 262

Journal of Applied Polymer Science DOI 10.1002/app
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and they were too small to be PNIPAM particles.
Therefore, these domains were probably PS. Some
other reports also showed that copolymerizing
NIPAM with styrene® or with acrylonitrile some-
times also resulted in a “raspberry” structure, but
not a smooth hemisphere structure as shown in our
study. It is believed that those “raspberry” structures
resulted from phase separation while the polymer-
izations were carried out in the emulsifier-free sys-
tem. However, in this research, a certain amount of
surfactant was used in the second stage. Small PS
particles may be generated in the aqueous phase
first and then most likely heteroflocculate with the
PNIPAM particles, generating the “raspberry” struc-
tured particles. The mechanism study on this multi-
stage method will be discussed in a subsequent
paper.

To correlate the expected core and shell particle
size, we need to know the exact size of the core par-
ticles. By using a conventional method such as TEM,
we determined that the dry particle diameter was
~ 140 nm. However, according to Crowther and
Vincent,”® deformation of PNIPAM particles occurs
during TEM or SEM sample preparation and oblate-
disk-shape or ellipsoids were observed under SEM
analysis.

A static light scattering (SLS) method was utilized
to determine the dry particle size. Generally speak-
ing, SLS is applied to determine the weight-average
molecular weight (M,) for molecules in solution.
However, in this case, each particle, instead of each
molecule, is regarded as a separate unit. Therefore,
the weight-average molecular weight that is
obtained in these measurements represents the parti-
cle molar weight. A standard Zimm plot of the SLS
data for PNIPAM particles is shown in Figure 3.
When the theta angle was extrapolated to zero (the
theta angle is the angle between the incident light
and scattered light), the intercept is the inverse of
the molar weight. When the concentration was ex-
trapolated to zero, the intercept is also the reciprocal
of molar weight of the particle. It is also possible to
obtain the radius of gyration (R,) from the slope of
the ¢ = 0 line. The molar weight of the particle was
7.00 x 10° g/mol when theta was extrapolated to
zero, whereas the molar weight of the particles was
6.75 x 10® g/mol when the concentration was ex-
trapolated to zero. There is good agreement between
the two molecular weights. As the density of PNI-
PAM is known'” to be 1.269 g/cm?, the dry particle
size of PNIPAM was calculated to be about 120 nm
in diameter. Then, the particle number obtained was
1.34 x 10'°/L by dividing the mass of NIPAM by
the mass of one particle.

The calculated radius of gyration was 131 nm. The
R¢/Ry, value was 0.87 at room temperature, which is
close to the reported value in the literature, 0.85.*° A

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 Zimm plot of PNIPAM dispersion obtained

from SLS. The concentrations used were: c;: 2.04 x 107*
g/cm3, ¢ 1.83 x 1074 g/cms, e 117 x 1074 g/cm3, Cy
829 x 107° g/cm3, and cs: 4.04 x 107° g/cm3.

ratio of 0.775 usually indicates a uniform internal
structure.

As it was not known how precise the SLS method
was in determining the PNIPAM dry particle size,
another TEM technique, namely a shadowing tech-
nique, was employed for determining the PNIPAM
dry particle size. Under TEM, it is possible to
observe the “shadow” of the particles. The greater
the particle height, the longer the shadow will be.
Monodisperse polystyrene (PS) particles were used
as a standard to determine the tilt angle, assuming
that monodisperse PS particles do not exhibit any
deformation during the shadowing process. As the
length of the shadow and the particle diameter can
be measured, the tilt angle can be calculated, which
was 28.5°. The D, of PNIPAM can be calculated
based on the known tilt angle and the measured
PNIPAM shadow length. Figure 4 shows TEM
micrographs of the PS monodisperse particles and
PNIPAM particle in the shadowing experiment. The
PNIPAM particles dimensions are shown in Table
VII. Assuming that the PNIPAM particles are ellip-
soidal in shape, by using the total volume of one
PNIPAM particle, its particle diameter was back-cal-
culated to be 132 nm. (The calculator was obtained
from http:/ /www.csgnetwork.com/volumeellip
soid.html). Comparing this result to the particle di-
ameter obtained from SLS, the particle size obtained
from the shadowing experiment is 12 nm larger,
which may be because there was a gold coating
layer present (needed for the SEM sample prepara-
tion). Therefore, these two experiments agree with
each other reasonably well. It is reasonable to con-
clude that the dry particle size of PNIPAM was
120 nm.

Based on the obtained PNIPAM particle size and
the known amount of styrene fed, the final
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Figure 4 TEM micrographs of: (a) monodisperse polysty-
rene particles, and (b) monodisperse polystyrene particles
mixed with PNIPAM particles in shadowing experiments
with a gold coating.

calculated core/shell size was 220 nm, which was
20-30 nm smaller than the core/shell particle size
determined by TEM. This may imply that there is
some water retained within the particles.

It is well known that PNIPAM is sensitive to tem-
perature. By using DSC, it was determined that the
transition temperature of the synthesized PNIPAM
was 34.9°C. The same PNIPAM particles were tested
by dynamic light scattering. The results are shown
in Figure 5. When the testing temperature was 20°C,
the particle size was 270 nm. There was a slight
reduction in particle size when the temperature was
changed from 20 to 28°C. This result agreed with
what Pelton observed in his study.*” The significant
change in particle size occurred when the tempera-
ture was changed from 28 to 35°C, which indicated
that the PNIPAM transition occurred. After the tem-
perature was increased higher than 35°C, the particle
radius remained at around 70 nm. Monodisperse
polystyrene particles were used as a control since
their particle size should remain constant as the tem-
perature was increased from 20 to 40°C. From Figure
5, it is shown that the diameter of the monodisperse
polystyrene particles was 280 nm with some fluctua-
tion as the temperature varied. This may occur in
this experiment since the actual sample temperature
cannot be directly detected. Therefore, there was
some error between the actual temperature and the
displayed temperature, which may affect the viscos-
ity value used in the size calculation. It was found
that the PNIPAM/PS core/shell particles exhibited a
stable size at 270 nm (135 nm in radius) while

TABLE VII
Results of PNIPAM Dimensions Obtained from TEM
Shadowing Experiments

Rx (nm 84.0
Ry §nm3 84.0
0 () 28.5
Rz (nm) 411
V (nm®) 1.2E + 06

r PS Standard
140

PNIPAM/PS

PNIPAM/PS, 100°C, 6 hr 7

100

R, (nm)

80 PNIPAM

80 L L L L L L L
15 20 25 30 35 40 45 50 55

Temperature (°C)

Figure 5 Temperature dependence of the hydrodynamic
radius (R;) measured by DLS.

changing the temperature. After heating at 100°C for
6 h, the core/shell particle size remained ~ 240 nm
in diameter. The particle size of PNIPAM/PS
obtained from DLS agreed with the previous TEM
results. In both cases, the size did not change as the
temperature was varied from 20 to 40°C, which may
indicate good encapsulation of PNIPAM by
polystyrene.

Another approach, using a density gradient
experiment, was employed to test whether the PS
grew around the PNIPAM seed particles to form a
shell or was formed inside the PNIPAM particles.
Density gradient experiments were carried out based
on the idea that the particles with a PNIPAM core
and a PS shell present containing water inside the
PNIPAM core would have a lower density than PNI-
PAM/PS copolymer particles, which would have
almost no water retained. The densities of the par-
ticles were measured by using a density gradient
column and compared with the densities obtained
by theoretical calculations.

Figure 6 shows the density gradients results. The
density of PNIPAM was between 1.04 and 1.07 g/
cm3, which is smaller than the reference PNIPAM
density, 1.269 g/cm®. The reason could be that the
PNIPAM particles had released some water into the
column during the centrifugation, but there was still
some water remaining inside the particles. The den-
sity of PS was about 1.04 g/cm®, which agreed with
the reference density, 1.05 g/cm® at 20°C.”° A series
of theoretical densities were calculated based on a
PNIPAM/PS core-shell structure and are shown in
Figure 7. In the theoretical density calculations, 1.269
g/cm® was assumed as the density of PNIPAM and
1.05 g/ cm® was assumed as the density of PS. The
densities of particles with 120 nm cores, different
diameter shells, and different amounts of encapsu-
lated water were calculated. The density gradient
experiment indicated that the densities of the

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 Density Gradient results. Image of density gra-
dient column after Centrifuégation at 30 K rpm for 1 h at
5°C. Density values (g/cm’) in column were indicated at
left. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]

particles obtained by using both synthesis methods
were in the range of 1.04-1.07 g/cm’. From Figure 7,
the calculated core/shell particle with a 120 nm dry
core with no water encapsulated would have a den-
sity between 1.09 to 1.19 g/cm®, which was higher
than the particle density that was obtained from the
density gradient experiment. This implies that some
water may be retained within the particles. This
result also agrees with the theoretical calculation
based on PNIPAM dry particle size measured by
SLS. Figure 7 shows that with 10 wt % water
retained a density between 1.08 to 1.05 g/cm’
should be obtained, and with 28 wt % water, the
density should be between 1.04-1.05 g/cm®. As the
density did not change significantly in this range,
we are not able to identify the exact amount of
water retained by density measurements. However,
the calculation did show that the obtained core/shell
particles may have 10-30% water retained. This find-
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Figure 7 Theoretical calculations of PNIPAM/PS core/
shell particle densities (120 nm PNIPAM core).
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ing agrees with what Pelton reported, that even
though the temperature is higher than its VPTT,
PNIPAM particles can still retain ~ 30% water.*®

CONCLUSIONS

Crosslinked PNIPAM particles were synthesized by
precipitation polymerization. The conversion was
close to 100% as determined by HPLC. The particle
diameter in water determined by DLS was
~ 300 nm at room temperature and the size distribu-
tion was narrow. The dry particle diameter was
~ 140 nm, as determined by TEM, which may be
slightly larger than the actual particle size due to de-
formation during TEM sample preparation.

The resulting crosslinked PNIPAM particles have
a VPTT at 34.9°C and a T, at 154°C. The linear frac-
tion of PNIPAM was separated and measured to be
~ 11% for the typical recipe. The NIPAM polymer-
ization conversion-time profile was studied in a Met-
tler RC-1 reaction calorimeter. The conversion
reached 85% in the first 15 min of the reaction.

Two different methods were developed to pro-
duce PNIPAM/PS hydrophilic core/hydrophobic
shell particles, i.e.,, semibatch or seeded-semibatch
polymerization. In both methods, uniform “rasp-
berry” structures were obtained in which polysty-
rene formed small domains on the PNIPAM par-
ticles. The resulting PNIPAM/PS particle size was
300 nm as determined by DLS. The dry particle size
was in the 250-260 nm range and the PS domain
size was ~ 50-60 nm, measured by TEM. The reason
for the “raspberry” structure formation is probably
by a heteroflocculation mechanism to be discussed
in a subsequent paper.

The dry PNIPAM particle size was analyzed by
static light scattering methods (SLS) and a TEM shad-
owing technique. The results indicated that the dry
PNIPAM particle size was ~ 120 nm. The PNIPAM/
PS core/shell particles have been studied by dynamic
light scattering (DLS) and results show that the parti-
cle diameter did not change when temperature was
increased over the range from 20 to 40°C. This indi-
cates that PNIPAM was fully encapsulated by PS. A
density gradient experiment showed that the
obtained “raspberry” structured PNIPAM/PS parti-
cle has a density in the range of 1.04-1.07 g/cm’. By
comparing this density with a theoretical calculation,
our calculation indicates that ~ 10-30% water may
be retained within the PNIPAM/PS particles.
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